SUMMARY
In this report we propose a model of apical growth for streptomycetes. The apical tip is considered as a multilayered wall that expands by an inside-to-outside mechanism of growth. It is also assumed that each layer is made up of peptidoglycan blocks, each of them being the result of the biosynthetic activity of a wall-synthesizing unit or membrane-associated growth zone. According to our model, apical growth occurs as follows: as a consequence of the hydrostatic pressure and the cleavage of some bonds, the layers are pushed and forced to slide (one with respect to the other), migrating from the center of the tip (at the inside of the wall) towards a peripheral location (at the outside of the wall). The model also incorporates a mechanism by which apical growth can be regulated and coordinated with the replication of the chromosome.
INTRODUCTION
Bacteria have developed different morphological types to present their surface to the environment. These types are determined and maintained by the wall that surrounds the cells. It is clear, however, that the chemical composition of the wall does not determine its shape. As bacterial forms arise during growth and division, it seems that the manner in which the cell accomplishes wall expansion and localizes it in space and time is, ultimately, what determines its morphology [1] . Therefore, the diversity of bacterial shapes reflects the different modes of localizing and controlling the insertion of new molecules into the wall during the process of growth.
Most of our knowledge on the process of wall growth and morphogenesis in bacteria has been obtained from only a few, but selected, wall systems, such as those of Escherichia coli and members of the genera Bacillus and Streptococcus.
However, the morphogenesis of one of the more complicated and even rather exceptional cell wall systems, that of the streptomycetes, remains almost unexplored. This is probably due to the 352 complex developmental cycle of these microorganisms in which mycelia, containing hyphae in different physiological states, are successively formed.
MYCELIAL ORGANIZATION IN STREP-TOMYCETES
The streptomycetes are Gram-positive bacteria that grow as mycelial filaments in the soil (Fig. 1) . As in fungi, mature colonies contain two types of mycelia, each playing a different and specific role. The substrate or 'vegetative' mycelium seems to be involved in the procurement of food. It penetrates deeply into the soil forming a dense and complex network of hyphae. Once the medium is exhausted, the vegetative mycelium remains firmly attached to its substrate, which constitutes a severe impediment to further growth. To avoid this problem a new type of mycelium develops from the surface of the colony. The role of this aerial mycelium is mainly 'reproductive', forming the spores and placing them in a favourable position to be dispersed towards new environments. For more information on the developmental cycle of streptomycetes see [2] .
HYPHAL DEVELOPMENT
Detailed studies on the kinetics of growth and branch formation in vegetative mycelia demonstrated that hyphal growth is linear but the exponential increase in the number of branches leads to an exponential growth of the mycelium [3] . As hyphae extend linearly, branching seems to be determined by the need to maintain and accommodate the exponential increase of cytoplasm that occurs in the whole mycelium [4] .
Light microscope observations showed that the hyphae of streptomycetes elongate similarly to those of fungi, that is by apical extension. Thus, in S. hygroscopicus hyphal elongation seems to be restricted to an apical region of about 20 ~m in length, whereas branching takes place in the next 100/.~m. Behind the branching region there is a segment of 'apparently old' hyphae, in which neither branching nor growth occurs [5] . Further investigations confirmed that a growing hypha is made up of successive cellular regions or hyphal compartments delimitated by septa, each compartment being in a particular physiological state and following its own cycle [6, 7] . This differentiation in hyphal compartments probably arises as a consequence of the peculiar pattern of septation that occurs in the apical segment of the hypha and by which, unlike most unicellular bacteria, two functionally different daugther cells are formed [8] .
CHARACTERISTICS OF THE APICAL CELL
The apical segment of the hypha (apical cell) is a long tube of approximately constant diameter (usually less than 1 /.~m) whose length (distance from the tip to the first cross wall) varies from 16 I.~m to about 30 tzm depending on the hyphal age [7] .
Autoradiographic experiments indicated that macromolecular synthesis takes place uniformly throughout this segment, but DNA synthesis seems to increase towards the tip [4] . Histological staining of nuclear material revealed that there are numerous nucleoids whose size and shape varied greatly depending on its distance to the tip (Fig. 2) . This heterogeneity has been interpreted as the result of an incomplete segregation of the chromosomes after its replication [9, 10] . The presence of fully separated nucleoids in the vicinity of the apex (although nucleoids were never seen at the very tip, [4] ), suggests that there is an efficient segregation of the chromosomes which is presumably accomplished by the expansion of the wall that takes place in this zone.
With respect to the wall, the apical cell is a cylinder ended by a tapered tip whose shape approximates to a semi-ellipsoid of revolution [11] . On the basis of the surface stress theory [12, 13] , and taking the process of apical growth of the fungi as a model, it was proposed that, in streptomycetes, apical shape is modelled according to the internal hydrostatic pressure and the elastic properties of the wall. The elasticity of the wall is maximal at the tip, and then decreases becoming completely rigid at its base [11] . The swelling of the apical regions after exposure to lysozyme and /3-1actam antibiotics seems to confirm this idea [11, 14] . On the other hand, autoradiographic experiments showed a preferential incorporation of peptidoglycan (PG) at the tip, but a relatively broad segment of the hyphae appeared also labelled (Fig. 3) . In S. antibioticus the labelled segment was about 10/zm long [15] , whereas in S. coelicolor it varied from 4 to 20/~m long, depending on labelling conditions [11] . All these data have been interpreted as evidence that, in the apical cell, growth is confined to the tip. As proposed [11] , PG is initially inserted at the tip and then is 'remodelled' and becomes more rigid as the hypha grows.
Most data on the growth and development of the streptomycetes have been obtained by microscopic observations of hyphae grown on solid media. However, the study of the apical growth in Streptomyces requires a more biochemical approach in order to elucidate how cell wall synthesis is regulated and coordinated with other physiological events that take place during hyphal growth.
SYNTHESIS OF PEPTIDOGLYCAN DUR-ING HYPHAL GROWTH
In liquid cultures, the streptomycetes do not differentiate into aerial hyphae, but they form aggregates containing hyphae in different developmental stages. Therefore, to investigate the synthesis of PG during hyphal growth it was necessary to obtain: (i) homogeneous populations of hyphae growing synchronously in liquid media; and (ii) a procedure for the specific labelling of the PG.
Synchronous cultures of S. antibioticus were obtained by ultrasonic treatment of the spores. After this treatment most of the spores germinated at the same time, yielding hyphae very similar in length. Moreover, when young hyphae were cultured in well-aerated glass tubes containing a rich medium (in which the concentrations of Fe 2+ and Mg 2+ were carefully controlled), hyphal aggregation was lower and the growth could be maintained during several hours in a dispersed form (Migu61ez, E.M., Martin, C., Hardisson, C. and Manzanal, M.B., manuscript submitted). Under these conditions of growth, the PG was specifically labelled with N-acetyl-[t4C]glucosamine ([14C]GIcNAc). Thus, in pulse-labelled samples which were treated sequentially with trichloroacetic acid (TCA) and different lytic enzymes, only 8% of the radioactivity precipitated by TCA was incorporated into proteins and about 86% of the radioactivity that remained after a TCA-RNase-trypsin treatment was solubilized by lysozyme. Further experiments carried out with [14C]GlcNAc labelled hyphae revealed that growth in S. antibioticus occurs without turnover of the PG (Migu61ez, E.M., Hardisson, C. and Manzanal, M.B., manuscript submitted).
To determine the synthesis of PG, synchronous cultures of young hyphae of S. antibioticus were labelled with [14C]GlcNAc. The results obtained revealed that total PG content increased linearly, varying the slope at intervals (Fig. 4A ). Pulse-labelling experiments confirmed that PG was synthesized at a constant rate with changes in rate at specific times (Fig. 4B) . Studies on the kinetics of hyphal growth and branching showed no relationship between growth rate in- creases and the number of tips (branches) and that hyphae with only one tip (leading hyphae) also exhibited changes in the rate of elongation (data not shown).
The possible coupling between PG synthesis and replication of DNA was also investigated. As Fig. 5A shows, after addition of mitomycin C (MIT), linear growth was maintained for about 120 min without changes in slope, and the rate of PG synthesis (determined by pulse labelling) remained constant (Fig. 5B) . These results clearly indicate that, in the absence of DNA synthesis, the biosynthetic activity in the wall is maintained without increases in the rate of PG synthesis. 
MODEL OF APICAL GROWTH
As indicated above, the hyphae of streptomycetes elongate similarly to those of fungi, that is by apical extension. Because of this similarity, the process of apical growth has been partially explained on the basis of mycological mechanisms. Obviously, at the cellular level such mechanisms cannot operate in streptomycetes, which have a typical prokaryotic structure [4] .
In this report we propose a model of apical growth for streptomycetes based on three important features common to other prokaryotic systems. The first is that hydrostatic pressure supplies the driving force for surface expansion by exerting tension upon the wall [13] . The second derives from the concept of 'make before break' by which new material is put in place before cutting. In this way only those bonds 'protected' by underlying PG are cleaved and growth can take place without loss of the structural integrity of the wall [16] . Finally, growth is assumed to occur by an 'inside-to-outside' mechanism, that is, the process by which wall expansion is achieved in Gram-positive rods [17, 18] . According to this mechanism, wall expansion takes place as follows: (i) glycan strands are initially added to the internal face of the wall, close to the cytoplasmic membrane in a cross-linked but unstressed state; (ii) as a consequence of the specific cleavage of stressed cross-links, the turgor pressure causes new PG to be pulled out and inserted into the \ A stress-bearing upper layer; and (iii) upon insertion, and due to the stress, the PG becomes stretched. By this process, if repeated, the PG moves throughout the wall, it comes under tension and stretches, allowing the expansion of the wall [18] . In our model, the tip is considered as a multilayered wall that expands by an inside-to-outside mechanism (Koch, A.L., personal communication). However, according to our proposal, each layer would be made of blocks or segments of PG, each of them containing several cross-linked glycan strands, and each segment being the result of the biosynthetic activity of a growth zone. In this context, a growth zone would represent a wall-synthesizing unit (WSU), that is, a membrane-bound enzymatic complex in which nascent glycan strands are continuously assembled. Obviously, the number of PG blocks present in each layer will be determined by the number of WSU that remain active at the tip. A model in which surface extension is achieved by enlargement and segregation of PG blocks has been proposed for Bacillus [19, 20] .
The process of growth at the tip might be as follows (Fig. 6) . As a consequence of the internal turgor pressure, the layers, initially formed close to the cytoplasmic membrane, would migrate from the inside of the wall at the center of the tip towards a more peripheral location at the outside of the wall. As the layers move outwards through the wall, and, as stated above, the glycan strands would become progressively under tension, causing the expansion of the PG blocks and the consequent increase in surface. This process, by which layers or large segments of PG are cleaved and forced to slide, one with respect to the other, probably requires the specific hydrolysis of only a few bonds, so that extensive turnover would not occur.
On the other hand, elongation of PG layers probably requires additional incorporation of some glycan strands. If this were the case, the WSU should remain active long after the corresponding layer had reached the surface behind the tip. It is also possible that, while moving towards subapical possitions, the PG blocks could be further modified. In this way, minor changes in the molecular structure of the PG or in its degree of cross-linking may originate a gradual transition in the mechanical properties of the wall, going from a highly plastic state at the center to a more rigid one at the periphery.
According to this, the wall in the growing tip is in a very dynamic state, with successive PG layers in different stages of development moving towards the surface, where only the most external layers contribute to its elongation. In other words, tip elongation is a consequence of the progressive externalization of PG layers, each containing a fixed number of completely expanded blocks of glycan strands. Moreover, if the rate of PG synthesis were constant and similar in all the WSU, the resulting layers would be made of blocks similar in size. If so, when a layer expands and reaches the surface of the wall, the total amount of surface generated would only depend on the number of blocks present at its birth and consequently on the number of WSU involved in its formation. As in fungi, this process probably originates an apical shape identical to that existing in a previous instant of time, but spatially displaced. In this way, due to the hydrostatic pressure generated in the entire hypha, the tip could move as a projectile propelled through the environment [121.
According to this model, the apical swelling originated by lysozyme [11, 14] , can be easily explained. Thus, at low concentrations, lysozyme may cause some breaks in the outermost layers of the apical cell, so that the underlying blocks of PG suddenly become stretched originating in an uncontrolled expansion of the wall.
The stepwise increases in linear growth and the successive periods of constant rate in the synthesis of PG observed in Fig. 4 , can also be explained by this model. According to this model, a period of linear growth occurs when successive layers of PG, each containing the same number of blocks, and consequently the same amount of glycan strands, are progressively expanded at the surface of the wall (Fig. 6A) . As the number of blocks per layer is the same during this period, the number of WSU that remains active in the membrane does not change and the rate of PG synthesis measured in pulse-labelling experiments must be constant (as can be observed in Fig. 4B ). On the other hand, if the number of WSU doubles at a particular moment of the cycle, the number of blocks in the new layers also doubles and therefore the surface generated by them will increase by a factor of two (Fig. 6B) . From this moment onwards, a new linear period of growth takes place in which the higher rate of PG synthesis remains constant until the next increase. This prediction is in agreement with data presented in Fig. 4 .
This model is also consistent with autoradiographic data (Fig. 3, [11] ). Accordingly, major deposition of PG occurs at the tip. In this zone the WSU are clustered on the membrane, the glycan strands are tightly packed in blocks, and the surface of the PG layers is minimal. Later, and as a consequence of the PG stretching, the surface of the layers enlarges and the WSU, that still remain active, separate from each other being dispersed behind the tip. During apical growth all these events overlap. Thus, after a pulse the radioactivity must be mainly incorporated at the tip but also at some distance from it, where the WSU are more dispersed and where the total demand of PG would be lower.
Our model also states a coordinated relation between hyphal growth and the cycle of chromosome replication. According to this, growth zones or WSU would be formed or activated at particular times during the growth cycle, but their number would depend on the number of replication forks in the chromosome. Assuming that each WSU has a constant biosynthetic activity and a defined lifespan, an increase in the rate of hyphal growth could take place by increasing the number of WSU. If this were so, a change in the cycle of chromosome replication (as, for example, an increase in the number of replication forks) imposed by new environmental conditions would lead to a similar change in the rate of PG synthesis (increasing the number of WSU) and consequently to a change in the rate of hyphal elongation.
There is some experimental evidence in favour of this hypothesis (Migu61ez, E.M., Martin, C., Hardisson, C. and Manzanal, M.B., manuscript in preparation). For example, in the presence of 357 MIT the cell wall biosynthetic activity is maintained, without increases in the rate of PG synthesis (Fig. 5) . This indicates that, in the absence of DNA synthesis, new zones of wall growth (WSU) are not formed, but the synthesis of PG in the previously existing WSU remains unaffected. This is also consistent with the idea that formation of WSU depends on the initiation of new rounds of chromosome replication. Moreover, we have also observed that vancomycin, which inhibits PG synthesis in S. antibioticus, had an effect on DNA replication similar to that of chloramphenicol (CAP). That is, in the presence of vancomycin, DNA synthesis proceeded to the completion of a round of replication but subsequent replications were prevented. All these data suggest a close relationship between cell wall synthesis and the initiation of chromosome replication in streptomycetes. It is also possible that in streptomycetes, like in Gram-positive rods [21] , there is a specific structural association between the cell wall and DNA, and that PG synthesis plays some role in the initiation of chromosome replication [22] .
Furthermore, when young hyphae were shifted to a richer medium containing MIT (in which the number of WSU remains constant), the rate of PG synthesis remained constant throughout the shift. This seems to indicate that the biosynthetic activity in the WSU is constant and independent of the growth conditions, and suggests that the rate of hyphal growth is regulated by the number of WSU and not by the biosynthetic activity in each of them. A similar regulatory mechanism has been suggested for B. subtilis [20] .
On the other hand, experiments on the kinetics of DNA synthesis during hyphal growth in S. antibioticus (Migu61ez, E.M., Martin, C., Hardisson, C. and Manzanal, M.B., manuscript in preparation), indicated that, as in the case of the PG, the total DNA content increases in a stepwise manner, showing periodic changes in rate at approx. 30-min intervals. By determining the pattern of CAP-insensitive [methyl-3H]thymidine incorporation (for experimental details, see [23] ), we observed that these increases in the rate of DNA synthesis were due to the initiation of new rounds of chromosome replication. Moreover, from the relative amount of DNA synthesized in the presence of CAP [24] the time of chromosome replication in S. antibioticus was estimated to be about 90 min. This is about twice the chromosome replication time of E. coli, and reflects the large size of the chromosome in streptomycetes [25, 26] (a characteristic feature in highly differentiated bacteria [27] ). This long DNA replication time and the initiation of new rounds of replication at 30-rain intervals, suggest the existence of multifork-replicating chromosomes in the hyphae of streptomycetes.
We have also observed a similar effect of CAP on the synthesis of PG in S. antibioticus. That is, in the presence of CAP, hyphal elongation stopped but PG synthesis continued at a lower rate for some time with no further increases in rate. As in the above experiments the maximum time of CAP-insensitive [14C]GIcNAc incorporation was measured and estimated to be about 90 rain. These data, which obviously need further experimental confirmation, suggest a lifespan of about 90 min for the WSU present in the hyphae of S. antibioticus. Interestingly, as the time of chromosome replication is also 90 rain, one can speculate that the control of hyphal growth might be exerted by the chromosomal replication cycle, that could determine not only the number of WSU (by the number of replication forks), but also their lifespan (by the time of chromosome replication).
CONCLUSIONS
The streptomycetes present some features of special interest in relation to the growth of the cell wall, of which elucidation may contribute to the general understanding of bacterial morphogenesis. However, although apical growth is one of the most prominent characteristics of the streptomycetes, we are still largely ignorant of the mechanisms by which it is accomplished.
In this report we propose a model that provides a molecular basis for the processes that i occur in the cell wall during apical growth. The model incorporates some of the most relevant features that characterize the process of wall growth in other prokaryotic systems. It also ,includes a mechanism by which hyphal growth can be regulated and coordinated with the replication of the chromosome. Moreover, if, as postulated, there were a physical coupling between replication of DNA and the sites of wall synthesis, one of the most fundamental aspects of apical growth (that is the spatial regulation of wall metabolism) might be better understood.
This model, although speculative, can explain the results obtained in our laboratory on the synthesis of the peptidoglycan during wall growth, as well as some of the observations on hyphal growth recorded in the literature. Obviously, there are still many open questions and more biochemical and genetic studies are needed before the model of hyphal growth proposed here could be accepted for Streptomyces.
